The main genetic cause of male infertility is represented by the Klinefelter Syndrome (KS), a condition accounting for 3% of all cases of infertility and up to15% of cases of azoospermia. KS is generally characterized by azoospermia; approximately 10% of cases have severe oligozoospermia. Among these, the 30-40% of patients show hypospermatogenesis. The mechanisms leading to adult testis dysfunctions are not completely understood. A microarray transcriptome analysis was performed on testis biopsies obtained from three KS patients with hypospermatogenesis and three control subjects. KS testis showed a differential up-and down-regulation of 303 and 747 transcripts, respectively, as compared to controls. The majority of down-regulated transcripts were involved in spermiogenesis failure and testis morphological defects, whereas up-regulated genes were responsible for testis apoptotic processes. Functional analysis of the transcriptionally altered genes indicated a deregulation in cell death, germ cell function and morphology as well as blood-testis-barrier maintenance and Leydig cells activity. These data support a complex scenario in which spermatogenic impairment is the result of functional and morphological alterations in both germinal and somatic components of KS testis. These findings could represent the basis for evaluating new markers of KS spermatogenesis and potential targets of therapeutic intervention to preserve residual spermatogenesis.
. The molecular mechanisms underlying the dysfunction in KS testis have been poorly investigated and the causes of global testicular degeneration are still unclear. The presence of an additional X-chromosome seems to significantly impair spermatogenesis at an early stage 10, 11 . In meiotic and post-meiotic germ cells as well as in
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somatic components of the testis, the extra X chromosome is inactive and the altered expression of genes located in the autosomes might be the cause of the global testis dysfunction [10] [11] . Nowadays, the fertility therapy available for azoospermic KS men is based on TESE (Testicular Sperm Extraction after Biopsy) and assisted reproduction 12 . The molecular networks involved in KS spermatogenic and testicular failure could represent the basis for the identification of new therapy targets and the set-up of early treatments preserving residual fertility.
Our earlier transcriptomic study on adult azoospermic KS patients, showing complete absence of germ cells (Sertoli cell only syndrome, SCO) offered clue to probable mechanisms leading to testis dysfunction 13 . Similarly, this pilot innovative study analyze the entire transcriptomic modifications occurring in adult KS testis having hypospermatogenesis. The comparison of the results from the two studies highlights the similarities and the differences between azoospermic and hypospermatogenic KS subjects.
Results
Transcriptome analysis revealed the differential expression of 1050 genes as compared to control testis. The heat-map of the significant transcripts was formed by two differentially expressed gene clusters (Clusters A and B) composed of 747 down-and 303 up-regulated genes in hypospermatogenesis KS testis vs. control testis (Fig. 1 , Supplementary Table S1 and S2).
Functional Ingenuity Pathway Analysis (IPA) of the two gene clusters revealed that the 747 down-regulated genes were mainly involved in the following biological functions: organismal injury and abnormalities, reproductive system disease, cell and organ morphology, reproductive system development and function, cellular movement, inflammatory response and endocrine system disorders ( Fig. 2A) . The 303 over-expressed genes are known for their role in the following biological functions: cell death and survival, cellular growth and proliferation, small molecule biochemistry, cellular development, inflammatory response, cellular assembly and organization and tissue development (Fig. 2B) .
IPA-inferred network analysis on the data set indicated 25 networks for cluster A with a score ranging from 56 down to 16, and16 networks for cluster B with a score ranging from 56 down to 13. The two top-scored networks associated to each cluster are presented in Figs 3 and 4 .
The analysis of the deregulated datasets indicates a number of mechanisms involved in the hypospermatogenesis state of adult KS, such as: (i) inability of spermatogonia to differentiate into mature spermatozoa; (ii) morphological and structural defects of testis; (iii) physiological alterations in the testicular environment; (iv) extensive apoptosis of germinal and somatic components.
Four genes in cluster A (CREM, AKAP4, LDHC and SPA17) and 4 genes in cluster B (BCL2, GSTA2, JUN and SOD1) were validated by quantitative Real-Time PCR (qRT-PCR). In each sample, the selected genes presented Figure 1 . Unsupervised hierarchical clustering of significant genes. The heatmap shows the differential expression of the 1050 significantly expressed genes in mosaic KS testis vs. control testis, grouped in two different clusters composed respectively by 747 down-regulated genes (Cluster A) and 303 up-regulated transcripts (Cluster B). The top tree represents the 6 experiments (3 patients run as a duplicate dye-swap). Each patient RNA was analysed against the control RNA (pool of RNA from three control subjects). In green the genes showing negative expression, in red the genes showing positive expression. Black and grey represent respectively missing and not significant changes in expression. significant fold differences in their relative expression when compared with the expression in the control testis samples (p < 0.05, Student's T-test). qRT-PCR analysis confirmed microarray data showing no significant fold change differences (p > 0.05, Student's T-test) (Supplementary Figure S1) .
Microarray results were confirmed by Western Blots for JUN and BCL2 (up-regulated) and SPA17 (down-regulated) proteins, obtained from the same patients and controls enrolled for the study. (Supplementary Figure S2) .
Discussion
The presence of an extra X-chromosome can explain the crucial role played by the expression of a surplus of X-linked genes in KS patients during the early stage of spermatogenesis 14 and gives rise to a series of events defining the adult testis failure, but their role is marginal in adult testis functions. We could narrow down to the over-regulation of 3 genes (SLC25A5 on Par1 region, PRPS1, TCS22D3), and the down-regulation of the AKAP4 gene, mapped on the X chromosome. Several autosomal transcripts involved across the whole spermatozoa production events appear to be involved in the testis dysregulation leading to hypospermatogenesis in adult KS subjects.
Our microarray analysis showed the down-regulation of CREM. CREM is the main testicular transcription factor essential to spermatozoa production 15 and development of seminiferous tubules. CREM is the key node of IPA-inferred second network (Fig. 4A) , which negatively regulates the expression of other essential spermatogenesis factors such as FHL5 and PRM1 and PRM2. FHL5 is a component of the CREM pathway regulating germ cells meiosis 16 , while PRM1 and PRM2 encode the proteins involved in the replacement of histones with protamines during spermiogenesis. It has been recently reported that the altered amount of PRM1 and PRM2 transcripts influences the whole spermiogenesis process and the sperm morphology, thereby affecting the functions of mature sperm 17, 18 . The expression levels of PRM1 and PRM2 genes are reported to be indicators of male infertility 18 . The IPA analysis showed the down-regulation of eight genes specifically influencing the male meiosis. Among them, HORMAD2 is known to be essential during meiotic prophase 19 , while CCNA1 is a meiosis-specific cyclin required for meiosis I in testicular germ epithelium 20 . The relative abundance of CCNA1 transcript was reported to be lower in patients with severe defects of sperm production 20 . Network analysis identified another key gene, EZH2. This gene has a role in the self-renewal of primordial germ cells 21 and its activity is directly correlated with the transcription factors YBX1, YBX2 and MLH1 that regulate germ cell differentiation and meiosis 22 . EZH2 regulates the expression of KNAP2, that occurs in testicular germ cells late in spermatogenesis 23 . In addition, the expression of classical sperm markers (SPAG5, SPAG9, SPA17, SPATA8, SPATA17, SPATA22, SPATA24 and SPATS2L) was found down-regulated. This associates with meiosis arrest, infertility and germ cells apoptosis [24] [25] [26] [27] . These data indicate that the defects in meiosis and germ cells differentiation could be responsible for the reduced number of mature spermatozoa in KS patients.
The IPA analysis of the down-regulated genes dataset revealed that many transcripts are related to hypospermatogenic status, such as CNOT7, FKBP4 or RLN1. These genes were reported to be down-regulated in infertility conditions and spermatogenesis alterations in mice [28] [29] [30] , and could be used as markers of hypospermatogenic testis. The down-regulated genes could mainly be expressed in germ cells while the up-regulated genes are likely expressed in somatic components, suggesting a differential implication of these genes in KS pathogenic context (Supplementary Table S1 and S2). Several down-regulated transcripts are linked to germ cells morphology and movement. The down-modulation of AKAP4, CNOT7, DDX25, FHL5, NR1H3, FHL5, PARVB, PRND, SEPT12, SPESP1, SYCP3, and TAF4B transcripts could be associated to the abnormal morphology of germ cells. In particular, TAF4B is a post-meiotic transcription factor that regulates spermiogenesis, and its disruption was associated to structurally abnormal sperm, reduced sperm count, and reduced motility 31 . AKAP4 (located on the X chromosome) encodes a structural protein of mature spermatozoa tails. Its lower expression could be linked to reduced sperm motility 32 . Other down-regulated transcripts such as FKBP4, GAPDHS, LDHC, PGK2, SLC2A8, and TRPV6 are reported by IPA analysis to play a central role in male germ cells movement, an essential feature for the correct sperm maturation and the release into testis luminal edge. This movement is associated to morphological changes and is strictly controlled by Sertoli cells (SCs) 33 . Once released, the mature spermatozoa acquire tail functionality, a process that requires energy production by mitochondria. FKBP4, GAPDHS, LDHC, PGK2, SLC2A8, and TRPV6 act specifically during germ maturation across SCs structure and are involved in the tail functionality [34] [35] [36] . Several transcripts in the down-regulated genes dataset encode mitochondrial-related proteins (MRPs, MTCH2, mitochondrial solute carriers, TCAIM, TUFM, UCP1, and CMC2). These data suggest the inability of KS germ cell to acquire movement for a complete maturation process.
Failure of germ cell maturation is in consonance with the altered expression of many genes involved in SCs function. It is well known that SCs structure and metabolic activity are essential to germ cells differentiation. Our results show the deregulation of many genes encoding membrane proteins as well as anchoring and cytoskeleton proteins that are important for SCs functionality, promoting the inability of SCs to sustain germ cells development and to maintain Blood-Testis-Barrier (BTB) integrity. A down-regulation of several actins, AJAP1, COL13A1, MASTL, protocadherins, TPGS2, TPPP2, TTL, TTLL6, TUBB4B, and TUBGCP5, was identified whereas CAV1, CDH13, FN1, SMIM4, TMC8, TMED10P1, TMEM79, TBCA and TUBA1A were found to be up-regulated. These modifications could reflect defects in SCs shape and function, in microtubule dynamics as well as in the mitotic and meiotic division of germ cells 37 . The top network associated to Cluster A (Fig. 3A) , centered around CUL2 and CALM1 nodes, clearly draws alterations in the inter-communications between germ cells and SCs. In addition, results show the differential expression of many transcripts involved in SCs molecular transport and metabolic activity that are key features of BTB maintenance and germinal development 38 , and explains the "nurse-role" of SCs. SCs metabolites and small inorganic molecules are transported to growing germ cells through specialized channels 39 . Two clear examples are the transport of zinc and glucose/lactate 40 . Data highlights the down regulation of many solute carriers such as the zinc transporter SLC39A3 or glucose transporters SLC2A5 and SLC2A8. Noteworthy, our study identified the down-regulation of LDHAL6B and LDHC, two genes encoding for lactate metabolism enzymes. Germ cells use lactate produced by SCs as their main energy source 41 , and our findings confirm that SCs are unable to properly sustain the germ cells.
The analysis of the dataset on up-regulated genes provides evidence for the modification of transcripts expressed in somatic components that could be responsible for their apoptosis and hyper-activation of Leydig cells (LCs).
KS patients show classically a hypergonadotropic hypogonadism due to primary testicular insufficiency. FSH is the main hormone regulating spermatogenesis acting through SCs, whereas LH stimulates testosterone production by the LCs. The altered expression of genes regulated by FSH and LH pathway was found. The up-regulation of INHBA and ANXA5 affects the FSH level and the hypotalamo-pitutitary axis respectively, regulating the testosterone production 42, 43 . Thirty-one down-modulated transcripts participate in the regulation of "Endocrine system disorders" (Fig. 2A) . In Fig. 3A , CUL2 is linked to IGF2BP, a regulator of translation. It is known that the members of the insulin growth factors pathway are regulated by FSH action 44 . We believe that the expression of the transcripts modulated in SCs and LCs could be directly or indirectly linked to FSH and LH levels. The up-regulation of Sertoli and Leydig cell genes, probably due to hyperactivation of these cells, was found in KS patients with Sertoli cell-only syndrome (SCO) 13 and hyperplasia of Leydig cells is a common finding in KS subjects. However, whether this dysregulation is essentially due to higher FSH and LH or to a primary testicular damage, being responsible for increased levels of gonadotropins, remains an open question.
Of the 303 up-regulated transcripts, one third were linked to apoptotic processes (Supplementary Table S3 ). Among these genes, IPA revealed the up-regulation of both pro and anti-apoptotic genes. Given the extensive death of germinal cells, somatic components apoptosis disturbance could represent the main mechanism leading to KS testis dysfunction 1 . Many genes are expressed in both somatic and germinal cells, thus it is difficult to distinguish the specific effects of their up-regulation. Two of the most important genes in the up-regulated dataset are JUN, which regulates LCs apoptosis, depending on the androgens production 45 and BCL2, whose up-regulation could be a reaction to the mechanisms which induce apoptosis 46 . Apoptosis seems also to be linked to the FGFs and NFKb pathways, as depicted by IPA-inferred top network in Fig. 3B . These networks are reported to regulate male fertility ensuring somatic/germinal cells functionality and development 47 . The up-regulation of these apoptotic pathways may be due to an imbalance between apoptotic and survival signals in both somatic and germinal components. Our study's results suggest that apoptosis in adult testis could be a consequence of germ cell loss. Apoptosis of germ cells could as well result from failure of surrounding cells in providing optimal conditions for their growth. It is difficult to assess whether apoptosis inhibition should revert the situation, but it sounds possible that apoptosis block could ameliorate in part the pathological condition in KS testis. To our knowledge, no earlier reports have directly addressed the possible therapeutic inhibition of apoptosis to revert the situation. However, Aksglaede and colleagues reported that in the human testis, testosterone is able to effectively inhibit in vitro-induced apoptosis of spermatocytes and spermatids as well as estrogens effectively inhibit male germ-cell apoptosis in the cultured human seminiferous tubules 1 . KS testis seem also to be affected by inflammation and necrosis processes, leading to cellular death and infertility 48 . IPA analysis of gene network 2 (Fig. 4B) illustrates the above mentioned features, reporting known genes of the inflammatory pathway (CDC42, HLA-DRA complex, IL1R1, SOD1, and SOCS3). It is worth noting that genes involved in redox homeostasis such as GSTA2 and GPX1 are up-regulated, and likely a sign of inflammation and LCs hyper activation 49, 50 . A study from Ma et al. 51 of genes which participate in the inflammatory and apoptotic pathways. On the contrary, KS-iPSCs showed the up-modulation of a high number of X-linked transcripts that were undetected in our study 51 , confirming that X-linked genes could have a role during the early stage of spermatogenesis that leads to the testicular dysfunctions in adult KS patients.
The results of our study were compared with those previously reported for KS azoospermic patients (SCO phenotype) 13 to identify the molecular networks involved in KS spermiogenic and testicular failure. KS azoospermic testis showed the differential up-and down-regulation of 656 and 247 transcripts respectively, as compared to the same controls. As previously reported, the majority of modulated transcripts were expressed by Sertoli and Leydig cells. Data sets analysis indicate expression changes of genes playing a central role in cell death, inflammatory response, lipid metabolism, steroidogenesis, blood-testis-barrier formation and maintenance, as well as spermatogenesis failure.
The comparison between patients with hypospermatogenesis and SCO revealed that 109 up-regulated and 34 down-regulated transcripts were shared by the two different conditions (Supplementary Table S4 and S5). The functional analysis of the 109 up-regulated genes reveals that they are involved in intercellular interaction, regulation of blood-testis-barrier, as well as apoptosis. This confirms the general KS testis dysfunction in both the hypospermatogenesis and SCO conditions. On the contrary, only 34 down-regulated genes are shared between the two conditions. The low number (n = 34) of shared down-regulated transcripts depends on the low number of down-regulated transcripts highlighted for patients with SCO (Fig. 5) 13 . In fact, KS patients affected by hypospermatogenesis, show a higher number of germ cells when compared to SCO patients, allowing the detection of a higher number of genes expressed in the germinal epithelium. These transcripts are down-regulated in KS patients with hypospermatogenesis when compared to normal controls (see Fig. 1, Cluster A) .
Conclusions
In conclusion, our study indicates a complex scenario in which spermatogenic impairment seems the result of functional and morphological alterations in both germinal and somatic components of KS testis with hypospermatogenesis. Published results show a specific expression pattern related to the clinical phenotype 52 . In addition, our results depict a picture which is similar to that reported by Zhuang et al., in non-obstructive azoospermic (NOA) patients 53 . On the other hand, the correct gene expression in germ cells drives the residual spermatogenesis following the modulation of several transcripts involved in germ cells morphology and movement as well as in the somatic component functions. In addition, data confirm the importance of the testis microenvironment integrity to sustain the germ cell growth that appears remarkably in KS. 
Future Perspectives
Further target studies are needed to validate these results in a larger population, to identify useful infertility markers and to remove interpersonal patients differences. However, these data could represent the basis to uncover molecular pathways that cause KS testis failure. Few studies reported expression modifications in blood samples from KS patients 54 , concluding that peripheral blood analysis could be representative of disease progression and likely could be used as a personalized non-invasive tool for differential diagnosis in patients showing variable phenotypes. Our results support this hypothesis, revealing that some genes are involved in pathways that are not peculiar to testis (i.e. Diabetes Mellitus Signaling, Neurological Disorders or Cardiovascular Disease). This may suggest the possibility that, for some genes, a similar expression modifications could be found in other organs or tissues. Blood expression analysis could help to differentiate the changes that are testis-specific, to highlight definite biomarkers for intervention. It would also be challenging to look at the modifications in non-coding RNAs (ncRNAs) expression to have a global view of the mechanisms altered in KS testis and likely the causes of altered gene expression. In addition, it would be noteworthy to study ncRNAs originating from X chromosome that could escape X inactivation.
Methods
Patients. The study was approved by the local Ethics Committee of the University Hospital of Padova and was in accordance with the Helsinki II Declaration. All participants were asked for and provided their informed consent. Bilateral testicular biopsies were obtained from 3 non-mosaic 47,XXY KS patients (mean age 29.3 ± 3.2) affected by azoospermia (absence of sperm in the ejaculate) and hypospermatogenesis (all germ cell stages present including spermatozoa, but with distinct decline in the number of germ cells) in the testes and from 3 controls subjects (mean age 29.1 ± 4.4) with obstructive azoospermia, normal spermatogenesis and normal 46,XY karyotype. Details of method and processing of testicular biopsies are described in our previous study 55 . All KS patients had a non-mosaic 47,XXY karyotype as evidenced by cytogenetic investigation on at least 50 metaphases, had not received testosterone substitution prior to biopsy and had negative history for other possible causes of testicular damage. Main clinical characteristics of Klinefelter cases and controls are shown in Table 1 .
Microarray analysis. Total RNA was extracted from homogenized testicular biopsies using the RNeasy ® Microarray Tissue Mini Kit (Qiagen, Hilden, Germany), following manufacturer instructions. Total purified RNA was linearly amplified using the AminoAllylMessageAmp ™ II aRNA Amplification Kit (Ambion, Austin, TX, USA), fluorescently labelled with Cy3 or Cy5 cyanins, and then hybridized on high-density arrays HOA_005
Human Whole Genome OneArray ™ Microarray V5 (Phalanx Biotech, Belmont, CA, USA), containing 29, 187 human probes. Each array experiment was repeated as a dye-swap, for a total of 6 experiments.
Detailed processing and normalization of microarray raw data were described in our previous study 13 . Raw data of the performed experiments have been recorded in the GEO public database (accession number: GSE83989).
Statistical analysis. Raw data underwent a statistical analysis by R. Only those genes showing an absolute fold change (FC) < 0.7 or > 1.4, a present call in at least the 50% of experiments and a p-Value < 0.05 (ANOVA test) were considered significantly expressed. False Discovery Rate (FDR) was used to adjust p-values and to correct for the multiple testing issues 56 ; FDR was calculated by R and considered significant when < 10%. The resulting gene lists underwent a clustering analysis (Cluster 3.0 and TreeView, Stanford University Labs) to unravel Genes Differentially Expressed (DEGs) in mosaic KS patients testis vs. control testis. The identified upand down-regulated transcripts were analysed by Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems, Redwood City, CA, USA) to disclose the biological functions and the functional networks they are involved in. Biological functions are the measure of the likelihood that the association between the genes dataset and a related function is due to random association. IPA-generated p-Values < 0.05 indicate a statistically significant, non-random association. A Fisher's exact test was carried out to generate network scores, based on the number of eligible molecules and their size and the total number that could be included in a network.
KS subjects (n = 3) Controls (n = 3) qRT-PCR microarray data validation. The deregulated expression of 8 microarray genes (CREM, AKAP4, LDHC, SPA17, BCL2, GSTA, JUN, SOD1) was evaluated by quantitative Real-Time PCR (qRT-PCR). Specific primer and probe sets employed were purchased from ThermoFisher Scientific (Waltham, MA, USA): CREM Hs01590456, AKAP4 Hs00275849, LDHC Hs00255650, SPA17 Hs01011126, BCL2 Hs00608023, GSTA Hs00747232, JUN Hs01103582, SOD1 Hs00533490. Three μ g of total purified RNA were reverse transcribed using the High Capacity RNA-to-cDNA Kit (ThermoFisher Scientific, Waltham, MA, USA). qRT-PCR was performed in a total volume of 20 μ l containing KAPA Probe Fast Abi Prism qPCR Kit (KAPA Biosystems), 25 ng of cDNA and 1 μ l of primer-probe mixture (20X) on an Abi 7900HT Sequencing Detection System. The selected genes relative expression was corrected against GAPDH (Hs02758991) and HPRT1 (Hs02800695) were used as endogenous controls (ThermoFisher Scientific, Waltham, MA, USA). Real time amplification conditions were: 10 minutes at 95 °C followed by 40 cycles of 15 seconds at 95 °C and 1 minute at 60 °C. Each sample was run as triplicate.
The Δ Δ Ct method was used to compare relative fold changes between samples and control. T-test was used to assess the p-Value, considering data significant when p < 0.05. The genes for qRT-PCR were randomly selected among the discussed genes, choosing those transcripts falling into different biological classes.
Western Blot. Thirty micrograms of proteins from the 3 controls and the 3 patients pools testis biopsies were separated on SDS-PAGE and subsequently transferred to nitrocellulose sheets using a semidry blotting apparatus. Sheets were saturated for 120 min at rate temperature in blocking buffer (1xTBS, 5% milk, 0.1% Tween-20), then incubated overnight at 4 °C in blocking buffer containing primary antibodies to JUN (3 μ g/ mL), BCL2 (1:50), SPA17 (1:500), and β -actin (1:500). Primary antibodies to JUN and BCL2 were purchased from ThermoFisher Scientific (Waltham, MA, USA); primary antibodies to SPA17 and β -actin were purchased from Abcam (Cambridge, UK). After four washes in TBS containing 0.1% Tween-20, samples were incubated for 60 min at room temperature with peroxidase-conjugated secondary antibody diluted 1:1000 in 1x TBS, 2,5% milk, 0.1% Tween-20. Bands were visualized and quantized by the ECL method with Alliance 2.7 (UVItec Limited, Cambridge, UK). Protein levels were corrected against β -actin.
